Abstract. The Madala hypothesis is the prediction of a new heavy scalar, the Madala boson, that has had previous success in explaining several anomalies in LHC Run 1 and 2 data. In the literature, the Madala boson has so far primarily been discussed in the context of its dominant production mode, gluon fusion. However, it can be shown that a study of its production in association with top quarks can provide us with crucial information about the model, as well as explain the enhancement of top associates Higgs production that has been observed in the data -most notably in leptonic channels. For this study, Monte Carlo events have been produced and passed through a detector simulation. These events are then run through an event selection designed by a CMS search for a single top quark in association with a Higgs boson. A fit is made to the CMS data, yielding a parameter constraint on the Madala hypothesis. With the Madala hypothesis prediction, an effective signal strength is calculated and compared with the observed values.
Introduction
The search for physics beyond the Standard Model (BSM) has gained considerable interest since the discovery of the Standard Model (SM) Higgs boson, h [1, 2] . In the years since, a plethora of models extending the SM have been proposed with the potential of being discovered experimentally at the Large Hadron Collider (LHC) -for a recent review, see Ref. [3] . One such model that has previously been discussed in the literature is known as the Madala hypothesis. The key postulate of this model is the hypothetical existence of a heavy scalar H -the Madala boson -which interacts strongly with the SM Higgs boson and an additional Higgs-like scalar singlet S -which can act as a portal to some arbitrary BSM physics [4] . Applying the hypothesis to several Run 1 experimental results also placed constraints on the mass of H, with a best fit point at m H = 272 +12 −9 GeV [5] . The mass of S has not yet been constrained at the present time of writing, but it is considered in the range m S ∈ [130, 200] GeV. This is due to the fact that a rich combination of the production of multiple leptons can be explored in this mass range [4] , due to the fact that the the S will decay dominantly to pairs of massive gauge bosons (as opposed to b-quarks, which are the dominant decays for Higgs-like scalars with lower masses).
So far, the majority of studies done on the Madala hypothesis have looked dominantly at the gluon fusion (ggF) production mechanism of H. While ggF is indeed assumed to have a large production cross section, it should be noted that the same theoretical vertices required for ggF require that H can also be produced in association with top quarks (ttH) with a nonnegligible cross section. This is a tantalising prospect, since both Run 1 and Run 2 searches for top associated Higgs production (tth) have shown significant excesses, particularly in leptonic Figure 1 : The leading order (LO) Feynman diagrams for (a) ttH and (b) tH production. Note that the diagram on the right assumes a five-flavour (5F) proton -that is, b-quarks are assumed to be a non-negligible component of the partonic structure of the proton. channels. When measuring the signal strength of tth using µ tth = σ obs tth /σ SM tth , it can be shown that a combination of the experimental search results in leptonic channels yields a value of µ tth = 1.92 ± 0.38 [6] . This can be quantified as around a 2.4σ deviation from the SM.
It is therefore of interest to apply the Madala hypothesis to tth results, in order to understand whether it can shed light on the excesses seen in the data. The Madala boson, if it is produced in association with top quarks, can decay into a Higgs boson, therefore mimicking the signature searched for in the existing experimental tth search channels.
Modelling top associated Madala production
Typically in tth searches, signal contributions can come both from Higgs production in association with one or two top quarks, labelled as th and tth, respectively. This is no different for top associated H production. The dominant Feynman diagrams for top associated H production can be seen in Figure 1 .
In the SM, it is well known that due to the negative interference between the Yukawa couplings and the Higgs couplings to the weak vector bosons, the production cross section of th is far smaller than that of tth. This is not true for tH production, however. Following the logic in Ref. [7] and the fact that H is assumed to couple weakly to the vector bosons [5] , it turns out that σ tH σ ttH ,
and so both tH and ttH are non-negligible processes in the Madala hypothesis. The top Yukawa coupling to the H is assumed to be Higgs-like, and further scaled by the free dimensionless parameter β g . Therefore, one can find the ttH production cross section by first taking the associated value for a heavy Higgs boson from the CERN yellow book [8] , and then by multiplying it by β 2 g . In the Run 1 fit result [5] , β g was constrained to be 1.5 ± 0.6. For this short paper, we assume that H has one dominant decay mode, H → Sh. Furthermore, S is chosen to be Higgs-like, such that all branching ratios (BRs) are already determined; this choice drastically reduces the number of free parameters in the model. This choice also enhances the number of leptons one would find as a result of the decay of S, since for a Higgs-like particle with a mass near 2m W , the BR for S → W W becomes dominant. These W bosons in the final state can then decay leptonically to provide a source of multiple lepton production. In particular, a non-negligible production of two same-sign leptons is possible through the cascade decays, a process that is highly suppressed in the SM.
To simulate tH and ttH production, the hard scatter processes were produced at LO using Monte Carlo (MC) event generation in MadGraph [9] . This was done using a custom-designed model file using the Universal FeynRules Output (UFO) [10] . These MC events were passed Table 1 : Summary of the event selection and categorisation for the CMS Run 2 single top search. These criteria closely mimic the selection done in Ref. [13] , since a comparison to data is performed. This selection is used on the output n-tuple created by the Delphes fast detector simulation.
Event selection
No lepton pair with m < 12 GeV
Tri-lepton Exactly 2 same-sign leptons Exactly 3 leptons = eµ or µµ Leading lepton p T > 25 GeV Leading lepton p T > 25 GeV
Second and third lepton p T > 15 GeV Sub-leading lepton p T > 15 GeV No lepton pair with |m − m Z | < 15 GeV to Pythia 8.2 [11] for the resonance decays, parton shower (PS), and hadronisation processes. Finally, the Pythia output was run through the Delphes 3 fast detector simulation [12] to account for detector effects. The output from Delphes was used for the analysis presented in the next section.
Comparisons with CMS data A relatively recent experimental result (at the time of writing) was chosen for the comparison of the Madala hypothesis with data from the LHC. The chosen experimental result is a search done by the CMS collaboration for a single top quark in association with a Higgs boson [13] . It should be noted upfront that even though it has been labelled as a "single top" search, the event selection (shown in Table 1 ) is compatible with both single and double top associated production of both the Higgs and Madala bosons.
The analysis done in the CMS Run 2 single top search is performed by a boosted decision tree (BDT), so a direct comparison with their final results is difficult. However, the paper did present distributions of three key variables that were made after an event preselection detailed in Table 1 . These variables are: the largest absolute pseudo-rapidity of any jet in the event, the separation in azimuthal angle between the leading same-sign lepton pair, and the jet multiplicity.
To compare the Madala hypothesis with the data presented by the CMS Run 2 single top search, BSM events were generated and run through a CMS detector simulation as detailed in the section above. Only one mass point was considered for the analysis, since the acceptances into the preselection regions of the chosen analysis were determined to be not significantly sensitive to the change in the mass of S. Rather, the ability of the process to produce a final state with two same-sign leptons is what fundamentally determines the preselection acceptance, and in the proposed mass range for S, this does not change significantly since the BRs of S do not change significantly. The mass of H was set to 270 GeV (in line with the Run 1 fit result [5] ), while the mass of S was set to 140 GeV, such that the H → Sh decay could be kept on-shell.
The events were filtered according to the selection and categorisation detailed in Table 1 , and then plotted as a function of the three key variables listed above. The SM background and its associated uncertainty was read off of the figures in Ref. [13] . The BSM prediction was scaled to the appropriate cross section from Ref. [8] multiplied by a best fit value of β 2 g and added to the SM prediction. The results of this can be seen for the eµ and µµ channels in Figure 2 . It should be noted that the best fit value of β 2 g was negative for the tri-lepton channel, and therefore the plots have not been included in this short paper. The best fit values of β 2 g were computed as follows. A global χ 2 was constructed by adding a χ 2 for each bin and in each observable per channel. For each bin i, the global χ 2 therefore took the form of Pearson's test statistic,
where the N i factors are the event yields per bin i, and the ∆N i factors are their associated uncertainties. The BSM uncertainty is not included since it is dominated by the SM and statistical uncertainty. The best fit value of β 2 g is obtained by minimising Equation 2 while leaving β 2 g free. A 1σ uncertainty on this best fit value is taken as the envelope around which Equation 2 can vary by one unit away from the mean fit value of β 2 g . The results of this process can be seen in Table 2 .
Discussion
As can be seen in Figure 2 , the BSM prediction does a relatively good job of explaining the CMS data in the eµ and µµ channels -this is possibly best seen in the jet multiplicity distributions. As noted before, the fit to the tri-lepton data did not yield a positive BSM signal. Note that a negative value of β 2 g is not physical, however the fit value is still included in the results due to the fact that the whole dataset for the CMS search is statistically limited. In addition to this, the further categorisation of the data into the three channels further limits the statistical reach of the analysis. It is therefore far more sensible to treat the combined fit value as a result with statistical power, while the fits to the individual categories behave more like statistical fluctuations around the combined best fit value. Whether or not the poor fit to the tri-lepton channel yields any information about the nature of the model's ability to accurately describe the data in terms of lepton multiplicity is unclear, due to the statistical limitations of the dataset. The combination of all channels shown in Table 2 is still dominated by the di-lepton channels, of which the best fit values of β 2 g have relative uncertainties of ∼ 35 %, whereas for the tri-lepton channel it is ∼ 100 %. The combined best fit value of β 2 g equates to around a 2.6σ deviation from the SM.
As mentioned in the introduction, a combination of leptonic tth searches can be quantified by the signal strength parameter µ tth = 1.92 ± 0.38 as calculated in Ref. [6] . Using the combined best fit value of β 2 g in Table 2 , the corresponding value of µ tth for the analysis done in this short paper is compatible with this, and is equal to 1.32 ± 0.51. Combining the results of this short paper with the global combination done in Ref. [6] , a significance of 3.5σ in excess of the SM can be computed.
